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Abstract
Seed consumption by rodents causes substantial economic losses in agriculture and forest restoration. Rodents rely on their
sensitive sense of smell to gather information about their environment. However, comparably little is known about how rodents
use olfaction to locate food. We used bank voles to measure attraction to acorn odors in a Y-maze. Preferences were measured
using two behaviors: approaching (time spent in odor preference zones) and investigation (numbers of nose pokes in odor
nozzle), which yielded similar results. Shorter time intervals (15 and 30 s) in the preference zones were at least as good as the
longer time interval (60 s) for detecting differences in approaching behavior. In this way, it is possible to reduce the measurement
time with approximately 50%. Investigation, which was evaluated using only one time interval (180 s), yielded longer measure-
ment time. Acorns were as preferred as the familiar, standard food (rodent chow) while an acorn aeration extract did not produce
any response. We conclude that short measurement times for the evaluation of attractive odors makes it possible to efficiently
assay the wide range of volatile compounds from bank voles’ natural foods whichmay be important in studies wishing to develop
new rodent control methods.
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Introduction
Many plants rely on rodents for seed dispersal, but rodents are
also effective consumers of seeds and may therefore
substantially reduce the amounts of seeds (Vander Wall 2001;
Hirsch et al. 2012). In rice (Oryza spp) seed production, forag-
ing rodents may cause great losses and for instance in Asia, the
estimated pre-harvest loss per year caused by rodents could feed
180 million people (Singleton 2003). Moreover, in forests, gra-
nivorous rodents can consume and disperse large quantities of
seeds such as acorns (Quercus spp) and other nuts, thereby
influencing regeneration dynamics (Crawley and Long 1995;
den Ouden et al. 2005) and hinder direct seeding operations
used in forest restoration (Birkedal et al. 2009, 2010;
Leverkus et al. 2015).
Rodents rely heavily on olfaction to sense their environ-
ment, using a subset of the nearly endless varieties of volatile
organic compounds. They use odors to communicate
(Arakawa et al. 2008), identify the health or reproductive sta-
tus of conspecifics (Beauchamp and Yamazaki 2003; Ferkin
et al. 2004), and determine presence of predators (Apfelbach
et al. 2005; Bytheway et al. 2013). In addition, rodents use
olfaction as their primary and most important sense to find
food, especially when foraging in the dark or when prey is
hidden in soil or plant matter (Vander Wall et al. 2003;
Taraborelli et al. 2009).
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To locate food, rodents use the spatial variation in odor con-
centration (Carthey et al. 2011; Gire et al. 2016). Odor concen-
tration varies with the distance to the odor source (Gire et al.
2016) and the quantity of odors the source emits (Geluso 2005).
Therefore, many seeds emit low amounts of odors to avoid
predation (Hollander et al. 2012; Paulsen et al. 2013), a strategy
known as chemical crypsis (Ruxton 2009). In applied ecology,
a possible way to artificially reduce the spatial variation of odor
concentration and therefore predation on seeds would be to
camouflage it by large-scale application of natural or artificial
food volatiles. Such camouflage has the potential to reduce
foraging efficiency (Carthey et al. 2011; Gire et al. 2016) or
cause prey switching (Price and Banks 2016). Despite the eco-
logical and economic importance of seed consumption by gra-
nivorous rodents, we still know little about the volatile organic
compounds rodents use to locate food. This lack of knowledge
hinders development of cost-effective interventions.
To quantitatively study animal odor preference, different
bioassays are used. Two-choice assays, such as the Y-maze,
are commonly used to measure rodents’ attraction (Ferkin and
Rutka 1990; Bakker et al. 2002; Radwan et al. 2008; Bímová
et al. 2011), aversion (Kavaliers and Colwell 1995; Kavaliers
et al. 2001), and discrimination of odors (Singer et al. 1997).
Most commonly, the time or frequency of animals ap-
proaching an odor, or odorized compartment, is measured.
This measure has the benefit of not requiring any training of
the animal. It has, however, been criticized because the test
subject may not have to enter the odorized compartment to
sense the odor and also one compartment may randomly be
preferred simply because it is the first one the animal enters or
make a territory marking in (Slotnick and Schellinck 2002;
Doty 2003). To avoid such bias, other measures have been
developed. One example is to measure an individual’s inves-
tigative effort by using the duration of visit or number of nose
pokes into an odorized source (Doty 2003; Mandairon et al.
2009; Qiu et al. 2014; Wernecke and Fendt 2015). The odor
source consists of one or more holes, located either in the
chamber floor or walls. On the other side of the hole, a detec-
tor records nose pokes from the animal investigating the odor.
Nose pokes into holes have traditionally been used to study
exploratory behavior in laboratory rodents, where an increase
in nose pokes has been assumed to reflect an increase in pro-
pensity to explore (Takeda et al. 1998). Many studies using
nose pokes to assess odor attraction have used laboratory ro-
dents with limited genetic variability. Such animals may be
more cautious (Coulston et al. 1993) and show less variation
in exploratory behavior between individuals (De Boer et al.
2003). Therefore it is possible that genetic variable rodent
strains may respond differently in a nose poke behavioral as-
say depending on individual variation in behaviors such as
exploration rather than olfactory preference.
Bank voles (Myodes glareolus Schreber) are one of the
most common seed predators in Europe (Mitchell-Jones
et al. 1999). It is a generalist species feeding on diet ranging
from lichens and herbs to seeds and insects (Drozdz 1966;
Hansson 1971). During autumnwhen seed fall occurs inmany
oaks (Quercus spp.), bank voles consume and scatter hoard
high amounts of these seeds (Jensen and Nielsen 1986. As a
consequence of their effective foraging, bank voles may both
act as an important seed disperser but also has the potential to
consume all seeds produced in 1 year (Jensen 1982; Jensen
and Nielsen 1986).
The aim of this study was to provide guidelines for quan-
titative studies of food odor attractive to bank voles. To
achieve this goal, we (1) compared the effectiveness of two
exploratory behaviors, spatially approaching an odor and in-
vestigating an odor with the nose; (2) evaluated different mea-
surement time intervals; (3) analyzed odor compounds from
acorns (Quercus robur L.) and evaluated bank voles’ prefer-
ence to odor extracts. We measured both behaviors in a Y-
maze set-up to assess odor preference for acorns. To find the
active volatile cues, a large number of compounds must be
tested in bioassays, so the efficiency of different kinds of
bioassays is of great interest to researchers.
Material and methods
Design of bioassay
The behavioral study was conducted on bank voles from an
experimental colony maintained at the Jagiellonian University
(Kraków, Poland), in May–June 2016. We evaluated the be-
haviors in five two-choice treatment combinations using Y-
mazes (Fig. 1). The Y-mazes were placed in a behavior room
located inside the animal facility. The following five two-
choice treatment combinations were selected to assess the
suitability of the Y-maze to classify different aspects of odor
preference: To evaluate bank voles’ attraction to a novel but
ecologically important food, (1) acorns were compared to ac-
tive charcoal-filtered air (acorn-blank). To assess if the odor-
ants from acorns could be extracted and still be as attractive to
bank voles as acorns, (2) acorns were compared to acorn aer-
ation extracts solved in pentane (acorn-extract). To investigate
if acorns would be as preferred as the bank voles’ familiar
food, (3) acorns were compared to standard lab rodent chow
(Labofeed H, Morawski, Kcynia, Poland) (acorn-rodent
chow). To assess if an odor extract would be attractive at all,
(4) acorn aeration extracts dissolved in pentane were com-
pared to pentane (extract-solvent). To control for the solvent
used, (5) pentane was compared to active charcoal-filtered air
(solvent-blank).
The walls of the three Y-maze arms were constructed of
aluminum and attached at 120° angles (Fig. 1). Each arm of
the maze was 37.5 cm long, 15 cm high, and 11 cm wide. The
bottom was made of white polyamide plastic and the roof
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consisted of transparent acrylic glass. Odors were delivered in
flexible polytetrafluoroethylene (PTFE) tubing from an adja-
cent observer room to an odor nozzle made of a polyamide
cylinder 5 cm long and 2 cm wide with an 8-mm hole drilled
in the center. The nozzles were placed in the center of the
distal end walls in the two odor treatment arms. The other
ends of the flexible PTFE tubing odor sources were placed
in 250 ml gas wash bottles to which air was pumped by dia-
phragm vacuum pumps via an active charcoal filter. To deliver
acorn odor, 100 g of acorns was put in the gas washing bottle.
To ensure a steady release rate of dissolved odor compounds,
custom-made “wick baits” (Lejfalk and Birgersson 1997)
were put inside the gas washing bottles. These consisted of a
2-ml vial fitted with a screw cap in which a hole had been
drilled. A PTFE tube (length 40 mm; ∅ 3 mm), filled with
cotton yarn wick, was inserted through the hole. To provide an
initial preference of the third arm (comfort zone), red trans-
parent acrylic glass was placed on top to dim the light, and a
small amount of wood chips from the home cage were spread
out on the floor in that zone.
We used six Y-mazes simultaneously in the behavior room.
Three Y-mazes were placed on each side of the room, ca.
50 cm between Y-mazes and ca 100 cm between the two rows
of Y-mazes. Before the tests, the voles were deprived of food
for 1 h in their individual cages. They were then transferred
singly to the comfort zone in the Y-mazes where they were
habituated for another 2 h with clean air pumped into the
choice arms with no access to food or water. For each treat-
ment combination, treatments were randomly assigned to each
arm of each Y-maze. When the trial started, odorized air ac-
cording to the treatment assigned was pumped (at
250 mL min−1) into the two-choice arms. Each session with
six Y-mazes lasted 1 h and each treatment combination was
replicated 23 to 26 times, every time with new animals.
Between sessions, the Y-mazes were carefully washed with
warm water and soap. Thereafter, they were cleaned with eth-
anol (70%), washed again with warm water, and then dried
before next session.
Animal and seed materials
The bank vole colony was established from approximately
320 wild animals caught outside Krakow in 2000 and
2001 and was a basis for an artificial selection experiment
(Sadowska et al. 2008). The behavioral assays in Y-mazes
were performed on individuals from generation 21 of the
selection experiment, but only on individuals sampled
from non-selected control lines in which the animals were
randomly bred (Sadowska et al. 2008). The animals were
housed in standard plastic mouse cages with sawdust bed-
ding, at a constant temperature (20 ± 1 °C) and photoperi-
od (16 h light, 8 h dark; light phase starting at 2:00 am).
The odor-preference tests were conducted between 10:00
and 21:00. Water and food (a standard rodent chow 24%
Odor preference zones
Odor nozzles
100 mm
275 mm
Comfort zone
Odor outlet
Fig. 1 Design of the Y-maze used
in the two-choice behavioral trials
including sizes of odor preference
zones, placement of odor nozzles
and the comfort zone
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protein, 3% fat, 4% fiber; Labofeed H, Kcynia, Poland)
were provided ad libitum. At the time of testing, the ani-
mals were 61–85 days old. In total, we assayed 69 females
and 56 males. Individual weight of the voles ranged from
14.2 to 33.2 g with a mean of 21.4 g. Males were heavier
than females (average weight 23.4 g and 19.8 g, respec-
tively) (Student t test, t = 5.8292, p < 0.001).
Acorns of pedunculate oak (Quercus roburL.)were provided
by a seed company in Denmark (Levinsen & Abies A/S). Seeds
from different years and sources had to be used and therefore
may have varied in vitality. Seeds used in aeration (extract) had
been collected in Puszcza Barlinecka, Poland during 2014, and
seeds used in the behavioral trial were collected from a seed
nursery in Knuthenborg, southern Denmark, in 2015. To de-
crease variation in moisture content which may affect seed vol-
atile profile and seed weight, all acorns were soaked in water for
24 h prior to use (Bonner and Vozzo 1987; Colville et al. 2012).
Acorns that floated were removed as they tend to be non-viable
(Bonner and Vozzo 1987).
Volatiles from acorns were collected using aeration (dynamic
headspace) with PTFE columns (length 40 mm; ID 3mm) filled
with Porapak Q (Waters Corp., Milford, MA, USA; 50 mg;
mesh 50–80) as adsorbent. Acorns that had been soaked inwater
for 24 h were put in Toppits roasting bags (Cofresco
Frischhalteprodukte GmbH & Co., Minden, Germany) with
300 g (± 10) acorns in each bag (n = 7). The PFFE column
was placed inside the cooking bag and connected via PTFE
tubing to a diaphragm vacuum pump (KNF Neuberger,
Freiburg, Germany), which created a continued flow (100 ±
1 mL min−1). The inlet air was filtered through an active char-
coal filter. Headspace volatiles were sampled for 4 h and then
eluted with 500μL pentane. Four replicates of the dry lab rodent
chow were sampled using the same method described above.
The eluted acorn aeration extracts were analyzed by
combined gas chromatography and mass spectrometry
(GC-MS) using an Agilent 7890A GC and a 5977 MS
(Agilent Technologies Inc., Santa Clara, CA, USA). The
GC-MS was equipped with a DB-Wax coated fused silica
capillary column (60 m × 0.25 mm x df = 0,25 μm, J&W,
Agilent) and used helium at a constant flow of 35 cm3 s−1
as a mobile phase. Each sample was injected using a
G4567A autoinjector (Agilent), with the injection volume
set to 2 μL in splitless (30 s) mode at 225 °C. The initial
temperature of 30 °C was held for 3 min and then increased
by 8 °C min−1 until it had reached 225 °C which was
maintained for 10 min. MSD Chemstation (E.02.02.1431,
Agilent Technologies) was used to identify peaks in the
chromatograms. Mass spectra were compared to a local
reference library and NIST14. The samples were quanti-
fied by an external reference mix of Kovats index (C8-C20)
4 ng μL−1 analyzed using the same method as described
above. The Kovats indices for each identified compound
were calculated for confirmation of identifications.
Measurements
Odor preference was scored by two different behaviors: ap-
proaching and investigation. Approaching was measured as
the cumulative time spent in each odor-preference zone, which
was defined as the area 10 cm from the distal end of each choice
arm in the Y-maze (Fig. 1). We used Ethovision XT (v. 9.0.718)
video analysis software (Noldus,Wageningen, the Netherlands)
to extract cumulative time when the animals had spent up to 15,
30, and 60 s in the odor-preference zones. Thus, approaching
was measured cumulatively using both preference zones, so for
example with the 15-s interval, it would end after an animal had
spent 9 s in one odor preference zone and 6 s in the other. To
assess if the different intervals would have any impact on the
measurement time, we also extracted the time to finish an in-
terval. The upper limit to which an animal had to reach the
cumulatively measured intervals was set to 1 h, i.e., equal to
the time of the session.
Investigation was measured by the number of nose pokes
(when the animal inserted its nose in the odor nozzle, Fig. 1)
during a period of 3 min after the first nose poke had been
performed by the animal. We decided to use a longer time inter-
val for nose pokes as some individuals waited before theywould
perform additional nose pokes. The number of nose pokes was
recorded manually by watching the video recordings.
Data analysis
As data were not normally distributed, we used Wilcoxon
signed rank tests to assess olfactory preference in the two-
choice assay for time spent in preference zones and nose pokes.
To compare the effect size of both approaching and investiga-
tion, we calculated the standardized effect size Hedges’ g,
which divides the difference of means by their pooled standard
deviation (Nakagawa and Cuthill 2007). To compare the mea-
surement time for the three approach time intervals and inves-
tigation, we used Kruskal-Wallis rank sum test and subsequent
pairwise comparisons were done using pairwiseWilcoxon rank
sum test. R (v. 3.3.3) was used for all analyses (R Core Team
2017). We used the “effsize” (v 0.7.1) package to calculate
effect sizes (Torchiano 2017). Commonly, a small, medium,
and large effect size is considered to be 0.20, 0.50, and 0.80,
respectively (Cohen 1988). The “coin” (v 1.1–3) package
(Hothorn et al. 2008) was used to calculate Wilcoxon signed
ranks. Coin uses the Pratt method for handling ties (Hothorn
et al. 2008). One vole which never left the comfort zone in the
Y-maze was excluded from the analysis.
Results
Approaching (time spent in odor preference zones) and inves-
tigation (numbers of nose pokes in odor nozzle) yielded
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similar results. Acorns were overall more approached and in-
vestigated compared to blank and the odor extract for all three
time intervals, as reflected in the effect sizes around 0.5
(Fig. 2). The other treatment combinations consistently pro-
duced non-significant results in both approaching and
investigation.
Shorter time intervals (15 and 30 s) were at least as good as
the longer time interval (60 s) for detecting differences in
approaching behavior between treatment combinations
(Fig. 3) while investigation behavior was more ambiguous
(Fig. 4). For example, bank voles significantly preferred the
acorn odor over the blank air when measured for the two
approaching intervals 15 s and 30 s and for investigation
(15 s: Z = 2.06, p = 0.04; 30 s: Z = 2.19, p = 0.03;
Investigation: Z = 2.63, p < 0.01). The same trend was found
for the approaching interval 60 s, but it was not statistically
significant (Z = 1.76, p = 0.08). In addition, for all three ap-
proaching time intervals, preference to acorn odor was also
significantly higher when compared to the eluted aeration ex-
tract from acorns (15 s: Z = 2.03, p = 0.04; 30 s: Z = 2.30, p =
0.02; 60 s: Z = 1.99, p = 0.05) but not when preference was
quantified using investigation behavior (Z = 1.80, p = 0.07).
The slightly higher effect size in detecting differences between
treatment combinations at short time intervals (15 s and 30 s)
is also visible in the falling numbers for all combination at the
long time interval (60 s) (Fig. 2).
The measurement time was significantly different depend-
ing on approaching time intervals (H = 78.46, p < 0.01), and
the two shorter intervals (15 and 30 s) were significantly dif-
ferent from the longer interval (60 s) and also different from
the investigation measurement (p < 0.01) (Fig. 5). The mea-
surement time was on average 7.0, 8.4, 13.2, and 16.5 min for
the 15 s, 30 s, 60 s approaching time intervals and the inves-
tigation measurement, respectively.
In the acorn aeration extract, terpenes were the most com-
mon compound groups with α-pinene and limonene being the
most abundant (Table 1). They were also the only two com-
pounds which the acorn and rodent chow extract had in com-
mon, although the amounts were much higher in the acorn
extract. In contrast, the most dominant compound groups in
the rodent chow aeration extract were alcohols and aldehydes,
with 1-hexanol and hexanal being the most abundant.
Discussion
The two behaviors (approaching and investigation) quantified
showed a similar biological result, attraction to acorns, which
indicates that both measures are useful when assessing odor
preference of bank voles. The concern that study animals may
sense odors in a Y-maze without entering a choice arm
(Slotnick and Schellinck 2002; Doty 2003) was not a problem
in our study, since the investigation behavior cannot be per-
formed from a distance, and the results for approach and in-
vestigation were consistent. Some previous researches have
failed in using Y-maze due to the bank voles refusing to move
(Christiansen et al. 1977). However, in our study, the bank
voles were bred in laboratory which has shown to increase
their movement (Korpela et al. 2011). This, together with
short time intervals, could explain the increased performance.
Shorter time intervals gave similar or larger effect com-
pared to longer intervals, indicating that shorter intervals are
more suitable than longer in bioassays of bank vole olfactory
preference. This is in line with previous research on other
rodent species showing that test animal’s interest in the odor
decreases quickly (Slotnick and Schellinck 2002). By using
15-s intervals, it was also possible to reduce measurement
time with almost 50% compared to 60 s and almost with
20% compared to 30 s, thus allowing future research to
streamline behavioral assays. Approaching required less mea-
surement time than investigation. To reduce the measurement
time for investigation, it would be possible to either reduce the
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time interval from 180 s to for example 60 s, or to reduce the
time of the session. However, shorter time intervals or shorter
sessions would result in less odor preference data since some
individuals showed low activity in the beginning. The longer
measurement time for investigation may also simply be a re-
flection of that some animals were aversive to novel situations
and therefore showed less propensity to insert their noses into
holes (Takeda et al. 1998).
In our study, there was no response from the animals to the
eluted acorn aeration extract. The use of different solvents
may sometimes explain why different extracts give rise to
opposite effects, which for example can depend on the polar-
ity of the attractive odor components (Eriksson et al. 2008). It
could therefore be more suitable to use a more polar solvent
such as an alcohol in this case. It may also be that the active
compounds important for detection are only emitted in low
amounts due to evolutionary pressure of escaping predation
(Hollander et al. 2012) and therefore are difficult to trap using
headspace methods. To our knowledge, seed odor extracts
have seldom been used in olfactory assays of mammals. The
most common compound group in our extract was monoter-
penes. Terpenes can act both as attractants and repellents in a
dose-dependent way (Bedoya-Pérez et al. 2014). It may be
that the terpenes in the extract had a lower or higher release
rate compared to the acorns and therefore were not identified
as food or as food containing too high a concentration of
deterrents. Further studies are required in this field.
Voles showed significant preference for acorn odors over
blank odors, and acorns were as preferred as rodent chow.
Preference for odors from a novel food (in this case acorns)
may either be acquired through generalization of previously
experienced food which share some common quality with the
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15 s time interval
Solvent
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Fig. 3 The mean cumulative time
bank voles spent in each choice
arm for each of the five treatment
combinations, and for three
cumulative time intervals
(seconds). Error bars indicate
standard errors. Asterisks indicate
statistical difference within
treatment combination (P ≤ 0.05)
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Fig. 4 The mean number of nose
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standard errors. Asterisks indicate
statistical difference within
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novel food or result from an innate preference for it. To gen-
eralize foraging cues is beneficial for animals with a wide
variety of food sources, such as bank voles (Hansson 1971),
as odor and taste cues associated with one type of food can be
used to find other foods with common perceptual qualities
(Linster and Smith 1999; Villalba and Provenza 2000). Only
two compounds, both plant secondary metabolites (α-Pinene
& Limonene), overlapped in the aeration extracts of acorns
and rodent chow, suggesting that rodent chow and acorns
smell different and were not generalized. It may therefore be
that in bank voles, acorn attraction is innate, as it is in other
seed hoarding rodents, which express specific behaviors to
acorns of even those oak species that have been locally extinct
for centuries (Steele et al. 2006; Xiao and Zhang 2012).
To further reduce variation in studies similar to ours, care
could be taken to match the voles diel rhythm as some of our
voles were tested during their day-phase and others during the
night. However, bank voles normally feed both during day
and night (Hansson 1971).
This study demonstrates that data on food odor preference
in bank voles can both be obtained using approach and
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Fig. 5 Mean measurement time for the three approaching time intervals
and for investigation. Error bars indicate standard errors. Different letters
indicate significant differences (p < 0.01)
Table 1 Mean values of
compounds from acorn and
rodent chow headspace as
analyzed using GC-MS (ng
min−1)
Compound Acorn Rodent chow
Monoterpene hydrocarbons α-Pinene 11 0.6
Camphene 0.15
β-Pinene 4.5
3-Carene 1.5
Myrcene 1
Limonene 9 2
γ-Terpinene 0.2
β-Phellandrene 2.5
Sabinene 0.15
Terpinolene 0.15
Ketones 2-Methylcyclopentanone 0.3
2-Ethylcyclopentanone 0.9
Acetoin 0.2
Hydrocarbons Styrene 0.45
p-Cymene 0.9
Alcohols 1-Pentanol 1.5
1-Hexanol 4.5
1-Octen-3-ol 0.85
Aldehydes Hexanal 11
2-Hexenal 0.5
2-Heptenal 0.3
Octanal 0.3
Others Benzaldehyde 1.2
5-Ethyl-2(5H)-furanone 0.8
5-Ethylcyclopent-1-ene carboxaldehyde 0.3
acetoin 3-hydroxy-2-butanaone
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investigation behaviors. Short measurement times for the
evaluation of attractive odors make it possible to efficiently
assay the wide range of compounds that are present in the
volatile headspace of rodents’ natural foods. Understanding
how rodents use odors to locate food may in the future add
important tools to control rodent populations and improve
forest restoration and food security efforts.
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